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Controlling thin film formation is technologically challenging. The knowledge of physical prop-
erties of the film and of the atoms in the surface vicinity can help improve control over the film
growth. We investigate the use of the well-established selective reflection technique to probe the
thin film during its growth, simultaneously monitoring the film thickness, the atom-surface van der
Waals interaction and the vapor properties in the surface vicinity.
I. INTRODUCTION
Nanofabrication is a challenge for technology devel-
opment. On the one hand research has been made
in developing lithography with the aim of generating
structures in the nanometer range, using, for instance,
either electron beam lithography which has reached the
few-nanometer range [1, 2] or atomic force microscope to
reach ultimate atomic resolution [3]. On the other hand,
current-carrying nanowires are used to manipulate cold
atoms near a surface and are a promising technique for
the development of new devices such as atom chips [4]
and for matter waves interferometry [5]. An alternative
approach for such devices is to use the atomic adsorption
to construct structures with which the free atoms can
interact, for example an array of adatom nanowires to
diffract Bose Einstein condensates [6].
For the optimization of the build up of atomic struc-
tures on a surface it is important to get information
on the adsorption process [7] and to control it. For
some applications, it might be of interest to control the
adsorption in the presence of a vapor at saturated vapor
pressure. Resonant light seems to be a good candidate
to manipulate the number and position of atoms on the
surface [8–12].
To probe a thin metallic film formed at the interface
between a dielectric and an atomic gas at vapor pressure,
the use of traditional techniques, such as photoelectron
spectroscopy, is limited. Moreover, for alkali films, as
we are interested here, one cannot easily take away
the sample from vacuum environment, because of
the reactivity of alkali metals to moisture. It is thus
important to develop probing methods compatible with
the alkali vapor pressure environment to study in situ
the film formation [7]. Light techniques seem to be
adequate and, among them, spectroscopic reflection
techniques are particularly suitable for studying the
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interface between transparent dielectric surfaces and
alkali vapors. Using reflection techniques with resonant
light can also give information on the properties of
the vapor in the vicinity of the surface. One approach
consists in using the localized field of an evanescent wave
(EW) to probe the atomic vapor very close to the surface
as well as the thickness of a metallic film on the surface
[7]. Non-resonant techniques such as differential re-
flectance have also been used to probe film thickness [13].
Selective reflection (SR) spectroscopy is a resonant
technique that has been used to probe atomic vapor
properties in the vicinity of a surface. The technique
was used, for instance, (i) to measure the van der Waals
(vW) atom-surface interaction for atomic short-lived
excited states [14, 15]; (ii) to measure resonant effects
between atomic transitions and surface polariton modes
that might change the vW interaction into repulsive
[16] or induce a surface temperature dependence of the
vW force [17]; (iii) to probe linewidth modifications due
to atom-atom collisions [18, 19]. Furthermore, the SR
lineshape is modified if an intermediary layer is intro-
duced between the substrate and the vapor [20, 21] and
this reflection technique has therefore been suggested
as an adequate tool to probe films thickness in such
structures. In this article we discuss the appropriateness
of the SR-spectroscopy technique to probe, in situ
and simultaneously, the metallic film thickness, the
atom-surface van der Waals interaction and the atomic
vapor properties in the surface vicinity.
II. SELECTIVE REFLECTION: THEORY
When a laser beam is sent to an interface between a
dielectric surface and a dilute vapor, a change in the re-
flected intensity occurs when the frequency is scanned
across the atomic resonance. The refractive index of the
dilute vapor can be written as nv = 1 + δn(ω), where
δn(ω) << 1 is a resonant contribution. The resonant
index increment δn = 1
2
χ is due to the vapor polariza-
tion induced by the incident beam, and χ is the medium
2effective susceptibility, given at normal incidence by [22]:
χ = −
2ikNµ
ǫ0E
∫
∞
0
dz
∫
dvzW (vz)σge(z, vz) exp(2ikz),
(1)
where ǫ0 is the vacuum permittivity, k is the incident
light wavevector, z is the distance from the surface, E
is the incident electric field, N is the atomic number
density, µ is the electric dipole moment of the transition
and σge(z) is the coherence term of the density matrix
at position z. The velocity integration is taken over the
Maxwell-Boltzmann distribution, W (vz), of the velocity
component along the beam axis (vz).
Close to the surface the atomic resonance is shifted
by the vW atom-surface interaction which yields
thus a position-dependent transition frequency:
ω0(z) = ω0 − C3/z
3, where C3 is called the vW
coefficient. Pressure-induced homogeneous broadening
and frequency shift also change the atomic polarization.
Therefore, the observation of the reflected intensity of a
laser scanned around the atomic resonance can be used
to measure the collisional pressure broadening [18, 19]
and the van der Waals coefficient for excited short-lived
levels [14–16].
A SR spectrum expresses the weighted contribution
to the reflected beam of all the atomic velocity classes
(see Eq. (1)). In the Doppler limit, where the Doppler
linewidth ΓD is much larger than the homogeneous
linewidth Γ (Γ/ΓD → 0), the SR spectrum exhibits thus
a logarithmic singularity around zero detuning (δ = 0).
It has been shown that the use of Frequency Modulation
(FM), together with homodyne detection, allows one
to obtain a derivative of the SR signal, resulting in a
sub-Doppler spectrum with homogeneous linewidth, Γ
[18]. In the Doppler limit, the FM-SR spectra are well
described by a single dimensionless parameter A = 2C3k
3
Γ
[22].
Considering now a three-layer configuration where a
metallic thin film, with complex index n2 = α + iβ, is
placed between the dielectric (index n1) and the vapor,
the field re-radiated by atomic dipoles in the backward
direction is dephased and attenuated compared to the
situation without the film. The lineshape of SR spectra
is modified and the change in the reflected intensity is
given by [21]:
∆R = 2R0ℜe (Fδn) , (2)
where R0 is the dielectric-vacuum reflectance, and F (L)
is an “attenuation and dephasing reflection coefficient”
that depends on the film thickness (L) [21]:
F (L) =
8n1n
2
2e
−2in2kL
(1 + n2)
2 (n22 − n
2
1) + 2e
−2in2kL (1− n22) (n
2
2 + n
2
1) + e
−4in2kL (1− n2)
2 (n22 − n
2
1)
. (3)
The introduction of the complex function F (L) mixes
the absorptive (ℑm(χ)) and refractive (ℜe(χ)) atomic
responses, distorting the SR spectra as a function of the
film thickness.
In Fig. 1 we show calculated FM-SR spectra for dif-
ferent values of the dimensionless parameter A, without
metallic film (L = 0) (Fig. 1a) and for different film
thicknesses in the absence of vW interaction (A = 0)
(Fig. 1b).
The dependence of the SR lineshape on the film thick-
ness, the vdW coefficient and the homogeneous linewidth
(typically broadened by pressure effects) may be used as
a tool to simultaneously probe, during the film growth,
the film thickness, the atom-surface interaction and the
vapor in the vicinity of the surface.
III. METHODOLOGY
We discuss in this section the methodology of using SR
as a probe of the film thickness and of the vapor proper-
ties at the same time. After describing the experimental
apparatus, we discuss a method to obtain information
through the fitting of experimental spectra by theoreti-
cal ones.
A. Experimental set-up
The experimental apparatus (see Fig. 2) is set up
to achieve two aims: (i) produce a metallic film on a
dielectric surface in a controlled way and (ii) probe the
film thickness and the vapor in the vicinity of the surface.
We want to deposit a Cs metallic film on a sapphire
dielectric crystalline surface in an “atmosphere” of
dilute Cs vapor. For this purpose we have built a
T-shaped sealed vacuum-compatible metallic cell with
two sapphire viewports connected to the cell body by
flanges. The cell was pumped and baked for a week at
300 ◦C in order to avoid residual impurities. After that,
a Cs drop was transferred into the cell reservoir and the
system was further pumped until it reached the previous
pressure. The final residual pressure is less than 10−7
3FIG. 1. (Color online) Theoretical FM-SR spectra as a func-
tion of the detuning normalized by homogeneous linewidth
(δ/Γ). The spectra were calculated for (a) different values of
parameter A in the absence of metallic film (L = 0); (b) in
the absence of vW interaction (A=0) and for different film
thicknesses (values of kL).
FIG. 2. (Color online) Experimental set-up scheme. The
near-resonant pump beam induces the metallic film growth
(the angle of incidence is enhanced for visualization). The
FM-SR and the He-Ne laser are sent perpendicular to the sap-
phire window internal surface. The reflected FM-SR beam is
detected and sent to the homodyne detection apparatus. The
transmitted He-Ne beam is used as a second measurement of
the film thickness.
Torr. The cell is placed in ovens with independent
control of temperature for the cell windows and for
the cesium reservoir. The cesium reservoir is typically
heated to temperatures of 180 − 220◦C, corresponding
to a vapor density of 1 − 6 × 1015 atoms/cm3. The
windows temperature is kept 30 − 60◦C hotter than the
Cs reservoir temperature in order to avoid condensation
of cesium on them.
To deposit the metallic film we use a light-induced
lithographic technique [11], where the film growth is
controlled by the intensity of a laser nearly resonant
with the atomic vapor. We send to the interface a 5
mm-diameter beam from an amplified diode laser, 900
MHz red-detuned from the cesium D2 line, with power
40 mW, yielding a linear film growth at a rate of 1.3
nm/min. Preliminary spatial filtering of the laser beam
gives it a Gaussian shape, ensuring that the film has a
smooth thickness variation across the radial axis.
A second beam (probe laser) from an external-cavity
diode laser is frequency-modulated and sent in the
normal direction to the dielectric-metallic film-vapor
interface. This beam has an intensity of 0.4 mW/cm2
to ensure a linear interaction between the radiation
and the vapor. We scan the laser frequency around the
Cs 6S1/2(F = 4) → 6P3/2(F
′ = 3, 4, 5) transitions to
perform a FM-SR probing of the film thickness and of
the vapor in the surface vicinity. The FM-SR (probe)
beam has a diameter of 1 mm, being, therefore, smaller
than the film-forming beam, in order to ensure that a
film grows with a relatively uniform thickness in the
probed area.
A second independent measurement of the film
thickness is provided by a low-power He-Ne laser beam,
also sent perpendicular to the interface. Its transmission
through the cell is detected by a photodetector. The
film thickness is calculated using an expression for the
transmission, which considers a metallic thin film placed
between two dielectric semi-infinite planes [23, 24]. For
these calculations, we have supposed that the optical
properties of the Cs film are independent of its thickness.
The optical constants values are taken from [25].
The experiment obeys the following procedure: The
film-forming laser is turned on during 5 min, then it is
turned off during 2 min, the duration necessary to pro-
ceed with the measurement of the film thickness through
both the He-Ne laser transmission and the FM-SR tech-
nique. The film is stable during the time where the
pumping laser is turned of. The sequence is then re-
peated.
B. Fitting the experimental spectra
In order to extract information from the SR signals
we fit the experimental spectra by theoretical ones. The
SR lineshapes are function of many parameters: the vW
coefficient (C3), the homogeneous linewidth (Γ) and the
metallic film thickness (L). The last two are a priori
unknown. The theoretical lineshapes of FM-SR can be
calculated as a function of the detuning (normalized by
the homogeneous linewidth, δ/Γ) for two dimensionless
parameters: A = 2C3k
3
Γ
and kL. The multilevel structure
of the Cs D2 line is taken into account in our calcula-
tions. Three hyperfine excited states are accessible from
each hyperfine level of the ground state. Therefore, we
sum three identical theoretical curves weighted by their
relative transition strength and shifted by the hyperfine
splittings. In order to compare a specific theoretical
curve (A, kL) to an experimental spectrum we proceed
as follows: (i) we multiply the abscissa axis by the
homogeneous linewidth Γ; (ii) we shift the abscissa
axis by a quantity ∆ that corresponds to a frequency
shift due to processes other than the vW shift, usually
4pressure lineshift. The vW shift is implicitly taken into
account in the FM-SR lineshape; (iii) we multiply the
vertical axis by a constant C that is proportional to
N/Γ and (iv) we translate the vertical axis by an offset
V that is related to the lasers power slope when the
frequency is scanned. We use the least-square method to
obtain an ensemble of parameters (Γ, δ, C and V ) that
minimizes the quadratic error between experimental
and a theoretical curve. We select the theoretical curve
given by the pair of parameters (A, kL) which gives the
smaller quadratic error and then obtain from the fitting
the desired information about the film and the vapor
in the vicinity of the surface: kL, Γ, δ, N ∝ CΓ and
C3 =
AΓ
2k3 .
IV. RESULTS
A. Change in FM SR spectra with film thickness
We have acquired FM-SR spectra during a controlled
film growth and fitted those curves by theoretical ones
(Fig. 3). The thickness indicated in each figure was ob-
tained measuring the He-Ne laser transmission. At low
thickness the FM-SR lineshape essentially has contribu-
tion from the real part of χ and displays a dispersive line-
shape (Fig. 3a). For thicker films, the FM-SR lineshapes
become a mixture of absorptive and dispersive contribu-
tions [21], as seen in Fig. 3(b,c,d). The increase of the
film thickness also results in reduction of the signal am-
plitude, due to the field absorption by the metallic film.
The change in the FM-SR spectra shown in Fig. 3 is thus
quite pronounced and is expected to allow film-thickness
measurements.
B. C3 and the metallic film thickness
We fit each experimental spectrum by several the-
oretical curves and analyze the obtained values of C3
and film thickness. In Fig. 4a we show the quadratic
error as a function of C3 obtained from the fitting of an
experimental spectrum corresponding to a film thickness
of 28 nm (as measured from He-Ne beam transmission).
A very large range of C3 values gives the same fitting
quality, according to the quadratic error criterion as well
as by visual inspection. In Fig. 4b we plot the quadratic
error as a function of the film thickness as extracted
from the fitting of the same experimental curve as in
Fig. 4a. There is similarly a large range of L values
obtained through fits with the same quality. These
results show a relatively large unselectivity on the C3
and film thickness values, which may be attributed to a
similar modification of the lineshape for changes of the
vW interaction and of the film thickness.
(a)
(b)L=14 nm
L=8 nm
(c)L=34 nm
(d)L=48 nm
FIG. 3. (Color online) Change of the FM-SR spectra during
the metallic thin film growth. Experimental spectra for four
different film thicknesses are shown in solid (black) lines. The
respective theoretical fits are shown in dashed (red) lines. The
film thicknesses are measured using the He-Ne laser transmis-
sion.
As we could not obtain simultaneously consistent
values of C3 and film thickness, we have fitted a se-
ries of experimental spectra imposing a value of 1.0
kHz·µm3 < C3 < 2.0 kHz·µm
3 (the theoretical
prediction is C3 = 1.2 kHz·µm
3 for the Cs D2 line in
the sapphire vicinity [14, 15]). The thickness values
extracted from the fitting of FM-SR spectra as a function
of the film formation time are shown in Fig. 4c, as
well as the thickness values deduced from He-Ne laser
transmission. We clearly see that the values extracted
from the FM-SR spectra are systematically larger than
those obtained from He-Ne transmission. To get better
insight into the simultaneous measurement of C3 and
of film thickness, we plot in gray scale the quadratic
error as a function of the mentioned parameters for
three experimental spectra: Fig. 4d for a very thin
film of 8 nm; Fig. 4e and Fig. 4f for thicker films with
thicknesses 28 nm and 48 nm, respectively. We clearly
see that the expected C3 and thicknesses values cannot
be obtained simultaneously. If one fixes the C3 value
to the theoretical one, one gets systematically higher
thicknesses values than those measured from He-Ne
transmission. For example, in Fig. 4e the fitting error
gets minimum for L > 40 nm, while He-Ne transmission
gives a thickness of 28 nm. A similar conclusion is
obtained if one looks for C3 extracted from the fitted
curves for the thickness fixed to the He-Ne transmission
result, that is, the van de Waals coefficient obtained
from the SR spectra fitting are systematicaly larger.
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FIG. 4. (Color online) Quadratic error as a function of (a)
the vW coefficient C3; (b) the film thickness L, which are
obtained from the fitting of different theoretical curves to an
experimental spectrum. The film thickness for this spectrum
was measured with He-Ne beam transmission to be 28 nm.
(c) Evolution of the thickness during a film growth, obtained
from fitting FM-SR spectra and from He-Ne transmission. (d)
Gray scale plot of the quadratic error as a function of the vW
coefficient C3 and of the film thickness obtained from fitting
distinct theoretical curves to experimental FM-SR spectra.
Those spectra correspond to thicknesses of (d) 8 nm, (e) 28
nm and (f) 48 nm, measured from He-Ne transmission. The
dashed horizontal line indicates the theoretical prediction for
C3 (C3 = 1.2 kHz µm
3 [15]).
C. Homogeneous linewidth, collisional shift and
density in the surface vicinity
The FM-SR technique gives the homogeneous
linewidth and the collisional shift of the atomic transition
during the film growth. Besides, the signal amplitude is
proportional to the atomic density. Possible changes of
the transitions width and shift and of the atomic density
with film thickness can thus be detected. In Fig. 5 we
show the values of Γ, ∆ and N obtained from the fitting
of experimental spectra as a function of the film thickness
(as measured by He-Ne transmission). Figure 5a shows
that the homogeneous linewidth remains almost constant
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FIG. 5. Changes of (a) the transition homogeneous width Γ;
(b) the pressure shift and (c) the atomic density in the surface
vicinity, obtained from fitting theoretical FM-SR curves to
experimental spectra, as a function of the film thicknesses
obtained from measuring He-Ne transmission.
during the film growth. In Fig. 5b the transition red shift
in shown to increase with the film thickness. The atomic
density in the surface vicinity decreases as the film grows
as shown in Fig. 5c. These behaviors are not yet clearly
understood and need further investigation, but are be-
yond the scope of the present work.
V. DISCUSSION
The SR technique was developed to probe the interface
between a dielectric surface and a dilute atomic vapor
with a smooth metallic film sandwiched between them
[21]. Notice, however, that such a model of multiple
interfaces is limited because adsorption on ionic surfaces,
as for instance, sapphire, does not occur uniformly on
the surface [26, 27]. Those surfaces usually exhibit
terraces along which the atoms tend to adsorb, forming
lines. Moreover, the diffusion of atoms on the surface,
including photo-stimulated diffusion, may favor the
accumulation of atoms into metallic clusters [12]. Thus,
the film formed by laser-induced adsorption might be
non uniform and possibly clustered [28–30]. The optical
properties of the interface are thus different from a
dielectric-smooth metallic film - atomic vapor one, with
the possibility of near field enhancement and nonlinear
atom light interaction. Furthermore, the reflection of
the atomic dipole radiation is changed by the presence
of the metallic clusters, including possible resonant
plasmons effects, which might change the C3 value. The
use of such a simple model of the SR technique for such
an interface [21] is therefore probably limited.
6In SR experiments at the interface between alkali
atoms and a dielectric surface, the experimental values
obtained for C3 are usually 1.5 − 2.0 larger than the
theoretically expected one [15, 16, 31, 32], which con-
siders ideal dielectric surfaces. Indeed, the experiments
are done with surface temperatures that are a few tens
of degrees above the reservoir temperature in order to
avoid alkali condensation on the surface. However, even
in these conditions, the surfaces are not ideal dielectrics,
and a small quantity of alkali atoms (typically less than
a monolayer) is adsorbed on it. Our results indicate
that it is necessary to consider this thermal equilibrium
coverage of submonolayer metallic film in order to fit the
experimental spectra. This may explain the previous
systematic disagreement between experimental and
theoretical C3 values.
VI. CONCLUSION
We have investigated the SR technique at a dielectric
- metallic thin film - dilute vapor interface, as a tool
to probe simultaneously the film thickness, the atom-
surface van der Waals interaction and the atomic vapor
properties. Our results indicate a very large dispersion
in the vW coefficient and film thickness measurements,
suggesting that the applicability of this reflection
technique demands very careful consideration about
the uniformity of the thin metallic film. Our analyze
also indicates that the usual disagreement between
measured vW coefficient and theoretical expected values
may be induced by the presence of adsorbed atoms,
and eventually clusters, on the surface. The technique
seems to have enough resolution to measure the atomic
transitions homogeneous linewidth and lineshift as well
as the number of atoms that re-radiate the field. Further
quantitative interpretation of experimental SR spectra
will rely on a more refined theoretical model taking
into account e.g. the discontinuous nature of the film
and the variation of the atomic decay rate with the
distance to the surface, due to enhanced electric image
or non-radiative decay of excitation due to surface
quenching.
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